Dectin-1 plays a critical role in the pathogenesis of intestinal inflammation by recognizing the pathogenic agents and mediating cytokine responses. The objective of this study was to establish the association between dectin-1 polymorphisms and susceptibility to nonspecific digestive disorders (NSDD) and cytokine expression in rabbits. A total of 7 coding SNP were detected in dectin-1 gene. The genetic association between SNP (ss707197675A > G) and susceptibility to NSDD was evaluated using a case-control study (178 cases and 174 controls). The results revealed that the A allele was associated with an increased risk of developing NSDD in rabbits. The AA genotype significantly increased the genetic susceptibility to NSDD with odds ratio of 4.76 (95% confidence interval, 1.92-12.50, P = 0.0002) compared with GG and GA genotypes. We also experimentally induced NSDD in another independent growing rabbit population by feeding a low-fiber diet and subsequently investigated the cytokine mRNA expression. Among the 4 studied cytokines, the expression of interferon-γ, IL-17F, and IL-22 were increased 2.8 to 6.0-fold in AA genotype compared with GG genotype (P < 0.01). The greater IL-17F and IL-22 mRNA expressions indicated a positive correlation with severe intestinal inflammation (P < 0.05). The decreased expression of IL-10 was associated with severe intestinal inflammation (P = 0.006), but IL-10 expression was not influenced by dectin-1 genotype. In conclusion, polymorphism ss707197675 of dectin-1 is related with susceptibility to NSDD and increased expression of proinflammatory cytokines, and dectin-1 could be an important candidate gene associated with NSDD in rabbits.
INTRODUCTION
Pathological conditions of unknown sources are known as nonspecific digestive disorders (NSDD) and account for nearly an 8% mortality in rabbits (Garreau et al., 2008) . Identifying and understanding the DNA markers associated with the disease is the first step towards applying this information in breeding for disease resistance, which may be an alternative strategy to control this disease. Our recent studies revealed that SNP in pattern recognition receptors (PRR) genes, such as Toll-like receptor 4 (TLR4) and nucleotide-binding oligomerization domain 2 (NOD2) are associated with NSDD in rabbits (Zhang et al., 2011; Zhang et al., 2013) .
Dectin-1, dendritic cell (DC)-associated C-type lectin 1, is a signaling non-TLR PRR that can recognize a variety of β-glucans from fungi, bacteria, and dietary fiber (Brown et al., 2003) . Activated dectin-1 signaling induces DC maturation and T-helper 17 (Th17) immune response (LeibundGut-Landmann et al., 2007) . Proinflammatory cytokines such as IL-17A, IL-17F, and IL-22 secreted by Th17 cells play a key role in the pathogenesis of inflammatory bowel disease (IBD; Liu et al., 2009; Hundorfean et al., 2012) . The early-stopcodon mutation Tyr238X of dectin-1 failed to mediate β-glucan binding and led to defective production of cytokines Plantinga et al., 2009) ; this mutation could protect against IBD (de Vries et al., 2009) . Hence, genetic variation in dectin-1 provides a modulating role of cytokine production and can be involved in the pathogenesis of intestinal inflammation.
The aim of this study was to test the association between dectin-1 SNP and NSDD and cytokine expression in rabbits. Genetic association analysis was evaluated using case-control study (178 cases and 174 controls). The patterns of cytokine expression were investigated using quantitative real-time reverse transcription PCR (qRT-PCR).
MATERIALS AND METHODS
Animal care and tissue collection procedures involved in the present study were performed in accordance with the Institutional Animal Care and Use Committee at Sichuan Agricultural University under protocol number DKY-B20090908.
Recruitment of Case and Control Animals
The clinical symptoms of NSDD can be a useful indicator of disease resistance (Garreau et al., 2008) . In this study, the recruitment process of case and control individuals was linked to clinical symptoms of NSDD, which was described in detail in our previous study (Zhang et al., 2011) . In brief, after weaning at 28 d of age, New Zealand White rabbits were fed a commercial pelleted food (16% CP, 10.8 MJ/kg, 15.1% crude fiber) until 84 d of age. The food was restricted to approximately 80% of average ad libitum intake and water ad libitum. The case group was comprised of dead individuals that spontaneously exhibited digestive disorders, which were believed to be more susceptible to NSDD. According to clinical autopsy, only those individuals showing symptoms such as watery content, dilatation, impaction, congestion, and mucus in the gastrointestinal tract were included in the case group. In the same population, healthy rabbits without any clinical history of digestive disorders were included in the control group, taking into account matching for gender. To exclude the potential population stratification, we also avoided the genetic relationship within 3 generations for all animals according to pedigree records. A total of 352 New Zealand White rabbit ear tissues were collected and included 178 cases and 174 controls.
Experimentally Induced Nonspecific Digestive Disorders
In the present study, another independent population including 60 healthy growing New Zealand White rabbits at 49 d of age (about 1.3 kg BW) were randomly selected to experimentally induce NSDD by a feeding low-fiber diet to obtain tissues for gene mRNA expression analysis. After a 7-d dietary transition, these rabbits were fed lowfiber diets (crude fiber = 8.89%, Table 1 ) from 56 to 70 d of age to induce the different degrees of intestinal inflammation. Animals were carefully observed twice per day with precise records for all clinical signs of NSDD caused by low-fiber feed (Bennegadi et al., 2001) , such as reduced feed intake, diarrhea, constipation (caecal impaction), and presence of mucus in excreta. At the end of experimental period (70 d of age), rabbits were euthanized by intravenous injection with sodium pentobarbital, and the sacculus rotundus was aseptically sampled and immediately frozen in liquid nitrogen. All the samples were taken within 10 min for RNA isolation, and stored at -80°C. After that, rabbits were subjected to gross necropsy (Haligur et al., 2009) . The symptoms and lesions of each part of the digestive tract associated with digestive disturbances were described, including watery content, dilatation, impaction, congestion and mucus in the stomach, duodenum, jejunum, ileum, caecum, and colon. The clinical signs were scored from 0 to 3 during the study period. In brief, 0 = absence or normal; 1 = feed intake disturbances or amorphous stools; 2 = light diarrhea or abdominal swelling; 3 = acute or advanced diarrhea, constipation (caecal impaction), and presence of mucus in excreta. The gross necropsy signs were also scored from 0 to 3. In brief, 0 = no lesion; 1 = liquid content or gas in stomach and in limited segments of small intestine; 2 = liquid contents of the whole digestive tract (caecal content liquid or impacted); 3 = liquid contents of all digestive tract (caeca liquid or impacted) and presence of mucus in the colon.
Ribonucleic Acid Extraction and cDNA Synthesis
Total RNA was extracted using RNAiso Pure RNA Isolation Kit (TaKaRa Co., Dalian, P. R. China) according to the manufacturer's instructions. Because poor RNA quality can affect qRT-PCR measurements, only samples with a RNA integrity number ≥ 5 were used for qRT-PCR (Fleige and Pfaffl, 2006) . In this study, RNA integrity of all the samples were assessed by Agilent 2100 (Agilent Technologies, Palo Alto, CA) with the RNA integrity number ≥ 8 and the 28S:18S > 1.5. First-strand cDNA synthesis was performed using PrimeScript RT reagent Kit with gDNA Eraser for qRT-PCR (TaKaRa Co.) according to the manufacturer's instructions.
Mutation Screening of Dectin-1
Mutation screening of dectin-1 was performed on sacculus rotundus cDNA samples using RT-PCR and direct sequencing. There were 3 transcripts of the rabbit dectin-1, and the NCBI GenBank accession numbers were XM_002712883 (dectin-1A), XM_002712884 (dectin-1B), and XM_002712882 (dectin-1C). The full length transcript of dectin-1A and the stalkless dectin-1B coding DNA sequence (CDS) could be amplified with the primer pair DECF and DECR (Table 2 ). The PCR reaction was performed with these conditions: 94°C for 5 min, followed by 35 cycles at 94°C for 30 s, 61°C for 45 s, and 72°C for 50 s, and ended with an extension cycle at 72°C for 10 min. The 30 μL reaction volume included 15 μL 2 × Taq PCR MasterMix (TIANGEN, Beijing, P. R. China), 3 μL cDNA template (50 ng·μL -1 ), 9.6 μL ddH 2 O, 1.2 μL of each primer (10 pM·μL -1 ). The PCR products were used for direct sequencing using the method of the Shanghai Invitrogen Biotechnology Co., Ltd (Shanghai, P. R. China). The same primer pairs listed above were used for sequencing.
Genotyping of Dectin-1 Single Nucleotide Polymorphism
The high-resolution melting (HRM) method was employed for genotyping analysis of the case and control individuals. Ear tissues were collected and genomic DNA was extracted using AxyPrep Genomic DNA Miniprep Kit (Axygen Scientific, Union City, CA); DNA was stored at -20°C. The primer pair DEC-E2F and DEC-E2R (Table 2 ) was designed to amplify the small fragment containing the target SNP of ss707197675. The PCR volume and cycling conditions of HRM analysis were similar as in our previous study (Zhang et al., 2011) . In brief, PCR reaction was performed on Bio-Rad CFX96 real-time PCR detection system (BioRad, Inc., Hercules, CA). The 10 μL reaction volume includes 20 ng DNA, 1 × SsoFast EvaGreen supermix (Bio-Rad), 5 µM each primer, and sterile ddH 2 O. The cycling conditions were 1 cycle at 98°C for 3 min, 40 cycles of 5 s at 98°C, 25 s at 61°C. After amplification, HRM analysis was performed between 65°C and 95°C at a rate of 0.2°C per step, HRM curve data were analyzed using the manufacturer's software. All samples were amplified in duplicate and each run included sequenceverified DNA sample of heterozygous and homozygous genotypes and a nontemplate control. 
Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction
The interferon (IFN)-γ, IL-10, IL-17F, and IL-22 mRNA expressions were assessed by qRT-PCR. The qRT-PCR procedure was in accordance with the minimum information for publication of qRT-PCR experiments guidelines (Bustin et al., 2009 Table 2 ). The qRT-PCR amplification was performed using a total volume of 10 μL containing 1 μL cDNA (50 ng·μL -1 ), 5 μL 2 × IQ SYBR Green SuperMix (Bio-Rad), 0.3 μL 10 pM·μL -1 of each primer and 3.4 μL ddH 2 O. Reactions were amplified using CFX96 real-time PCR detection system (BioRad) and quantified using the manufacturer's software. The thermocycling conditions comprised 3 min at 95°C and then 40 cycles with 10 s at 95°C, 30 s at the specific annealing temperature, followed by a standard melting curve analysis to validate the specificity of the PCR products. All samples were amplified in triplicate from the same cDNA preparation. A 10-fold dilution series of PCR products were used to determine PCR efficiency by constructing a relative standard curve. PCR efficiencies were determined for each gene with efficiency = 100% ± 5%. The threshold cycle (CT) was determined by the manufacturer's software, and gene expression was analyzed by the 2 -ΔΔCT method (Livak and Schmittgen, 2001) , and the TBP and HPRT1 as the reference genes were experimentally determined using Vandasompele method (Vandesompele et al., 2002) by the manufacturer's software.
Statistical Analysis
The DNA sequences were assembled and analyzed using the DNAstar program (DNAS Inc., Madison, WI) and TMHMM 2.0 (http://www.cbs.dtu.dk/services/ TMHMM/) was used for transmembrane domains prediction. Identification of functional protein domains was performed using PROSITE (http://prosite.expasy. org/). Dectin-1 protein sequences from species available in Genbank were aligned with ClustalW2 in FASTA format (http://www.ebi.ac.uk/Tools/clustalw2/). Linkage disequilibrium (LD) analysis was performed using SNPStats program (http://bioinfo.iconcologia. net/SNPstats). The alleles and genotypes frequency differences between control and case groups were tested with the Fisher's exact test. Odds ratio (OR) for the allelic association were estimated by unconditional logistic regression analysis. Five inheritance models (codominant, dominant, recessive, over-dominant, and additive) were tested for 3 genotypes according to the Akaike information criterion (AIC) and Bayesian information criterion (BIC) using SNPStats tool (Sole et al., 2006) . Gene expression data were analyzed by multivariate test and LSD test. All statistical analyses were performed using SAS v. 8.0 statistical package (SAS Inst. Inc., Cary, NC). P-value < 0.05 was considered statistically significant.
RESULTS

Definite the Severity of Intestinal Inflammation
We experimentally induced NSDD in growing rabbits by feeding low-fiber diets. On the basis of clinical signs and gastrointestinal tract symptoms, 41 rabbits fed lowfiber diet were successfully sampled and classified into 4 groups with different severity of intestinal inflammation. The dead rabbits and the individuals that failed to be unambiguously classified into any group were excluded. The 4 groups include completely healthy individuals (n = 7), mild intestinal inflammation individuals (n = 10), moderate intestinal inflammation individuals (n = 7), and severe intestinal inflammation individuals (n = 17). These rabbits were used for the mutation screening of dectin-1 and cytokine expression.
Mutational Analysis of Dectin-1 Gene
The mutation screening of dectin-1 CDS sequence was performed on 41 sacculus rotundus cDNA samples analyzed using RT-PCR. It was revealed that only the stalkless dectin-1B isoform was expressed in rabbit sacculus rotundus, with the full-length dectin-1A not identified (data not shown). To avoid confusion, we used dectin-1A (XM_002712883) as the reference sequence. The protein product of this gene consists of a cytoplasmic domain (AA 1 to 44), a putative transmembrane domain (AA 45 to 67), and extracellular domains (AA 68 to 247). The extracellular domains contain carbohydrate recognition domain (CRD) motifs are encoded by exons 4, 5, and 6, and that belong structurally to the family of C-type (Ca 2+ -dependent) lectins (AA 127 to 242). The structure is in agreement with that of human dectin-1.
A total of 7 coding SNP (cSNP; accession numbers ss707197674 to ss707197680) were detected in exons 1, 2, 4, and 5 (Fig. 1A) . Among them, 3 cSNP were synonymous SNP; and 4 cSNP were nonsynonymous SNP (nsSNP), which caused AA change of p.C29R, p.M46V, p.V176I, and p.N203S in dectin-1A protein sequence (XP_002712929.1), respectively (Fig. 1B) . The amino acid of p.46I, p.176D and p.203N in the dectin-1A protein are absolutely conserved across different species (Fig. 1B) . The p.M46V was located in the transmembrane region; p.V176I and p.N203S were located in the CRD of dectin-1 protein.
Dectin-1 Associated with Nonspecific Digestive Disorders in Rabbits
We checked the genotype frequency of dectin-1 SNP in different inflammation stages. Surprisingly, ss707197675 AA, ss707197678 TT, and ss707197679 GG genotypes were the only ones present in the severe intestinal inflammation group, and has a greater frequency (8/17) than other SNP (data not shown). Based on the tested 41 individuals, the LD plot revealed that above 3 SNP had complete linkage, with the pair-wise LD (D´) estimates of 1.0, and with a high r 2 (>71.78%). Thus, we hypothesized that these SNP may be associated with NSDD in rabbits.
To investigate the association between dectin-1 SNP and NSDD in rabbits, the case-control association study was performed in 178 cases and 174 controls from another independent population. The ss707197675 as the target SNP of ss707197675, ss707197678, and ss707197679 was genotyped using HRM method. Among the 352 individuals, the average frequencies of G and A alleles were 87.2 and 12.8%, respectively, which further determined the genotype frequencies of 83.5% GG, 7.4% GA, and 9.1% AA. The frequency of A allele in the case group was greater compared with that in the control group (Table 3) . The case-control association analysis revealed that A allele was a risk factor contributing to genetic susceptibility to NSDD (P < 0.0001; Table 3 ). Among the 5 inheritance models used to evaluate the importance of associated genotype, the inheritance model with the lowest values of AIC and BIC has the best fit. The recessive inheritance as the best fit model for ss707197675 with the lowest values of AIC and BIC indices, where the homozygous A allele was associated with an increased risk of developing NSDD in rabbits. Under this recessive inheritance model, the AA genotype was associated with increased risk of developing NSDD (P = 0.0002; Table 3 ).
Effect of Dectin-1 SNP on Cytokine Expression
The effect of dectin-1 SNP on cytokine expression of in sacculus rotundus was assessed by qRT-PCR. The multivariate test revealed that there was no interaction effect between genotype of dectin-1 ss707197675 and inflammatory state on cytokine expression. Because the AA genotype of ss707197675 was only present in the severe intestinal inflammation stage, the association between dectin-1 SNP and cytokine expression was investigated in this group (n = 17). Individuals carrying the AA genotype (n = 8) were marked with black dot in Fig. 2 . The results revealed that the IFN-γ, IL-17F, and IL-22 mRNA expression with dectin-1 ss707197675 AA genotype showed increase 2.8 to 6.0-fold compared with those in GG/GA genotype (P < 0.01; Fig. 2A through C) . The AA genotype had low level of IL-10 mRNA expression than GG/GA genotype under severe intestinal inflammation stage (0.727 ± 0.112 vs. 0.884 ± 0.084), whereas there were no significant differences (Fig. 2D) .
Cytokine Expression Associated with Intestinal Inflammation States
Means of cytokines IFN-γ, IL-17F, and IL-22 mRNA abundance were gradually increased along with increasing severity of inflammation states ( Fig. 2A through C ). There were no significant differences of IFN-γ expression between different inflammation states. The IL-17F and IL-22 expression levels were significantly increased in severe intestinal inflammation states when compared with healthy states (P = 0.010 and P = 0.016, respectively). Meanwhile, the individual with the greater IL-17F and IL-22 expression positive correlation with the severe intestinal inflammation showed Pearson correlation coefficients of 0.326 (P = 0.034) and 0.371 (P = 0.018), respectively. The greatest significant reduction in IL-10 mRNA expression was observed in severe intestinal inflammation states compared with healthy states (Fig. 2D , P = 0.006). A negative correlation was seen between IL-10 expression and severe intestinal inflammation (correlation coefficient = -0.424, P = 0.006).
DISCUSSION
In commercial rabbit production, symptoms of NSDD are usually associated with low dietary fiber, poor sanitary status, and drastic weather changes (Bennegadi et al., 2001; Haligur et al., 2009) . This disease has an 8% incidence (Garreau et al., 2008) . Antibiotics are commonly used for preventing and treating such intestinal diseases caused by virus or bacteria. But it was ineffective in the case that rabbits were fed a high-energy, low-fiber diet, which could cause the NSDD (Haligur et al., 2009) . A previous study demonstrated that there seems to be a genetic variability for resistance to NSDD induced by fiber-deficient diets (De Rochambeau et al., 2006) . As such, breeding for disease resistance may be an alternative strategy for the control of this disease in rabbits.
Dectin-1 was first identified in mice DC (Ariizumi et al., 2000) and as the critical receptor of β-glucan from fungi (Brown et al., 2003) . Using dectin-1-deficient mice has demonstrated that dectin-1 is required for β-glucan recognition and control of fungal infection (Taylor et al., 2007) . In addition, dectin-1-deficient mice were also linked to the increased susceptibility to dextran sulfate sodium (DSS)-induced colitis (Iliev et al., 2012) . Meanwhile, dectin-1 expression is increased in macrophages and neutrophils, and weakly in other immune cells such as epithelial and endothelial layers of the intestine involved in the inflammatory reaction in IBD (de Vries et al., 2009) . These data suggest the critical roles of dectin-1 in the pathogenesis of intestinal diseases.
Dectin-1 recognizes β-glucan through the extracellular CRD (Ariizumi et al., 2000) . At least 2 residues, of Trp221 and His223 in the CRD of mouse dectin-1, were crucial for β-glucan binding by mutagenic analysis (Adachi et al., 2004) . In human, an early stop codon mutation (Y238X, rs16910526) in the CRD led to a complete loss-of-function of dectin-1 in β-glucan recognition and caused significant defects in the production of IL-1β and IL-17 on in vitro stimulation with β-glucan or Candida albicans Plantinga et al., 2009; Rosentul et al., 2011) ; this loss-of-function mutation was associated with protection against IBD (de Vries et al., 2009) . In the present study, we identified the high genetic variation in CRD of dectin-1 gene in rabbits, which is consistent with previous research using sheep and yak (Zhou et al., 2010; Yang et al., 2011) ; also nsSNP ss707197679 in CRD of dectin-1 was significantly associated with genetic susceptibility to NSDD in rabbits based on case-control study.
In the present study, we first reported the expression pattern of antiinflammatory cytokine IL-10 and proinflammatory cytokine IL-17F and IL-22 during the intestinal inflammation in rabbits. The greater IL-17F and IL-22 mRNA expression indicated a positive correlation with severe intestinal inflammation, whereas the decreased expression of antiinflammatory cytokine IL-10 was associated with severe intestinal inflammation. Previous studies have demonstrated that intestinal inflammation resulting from a failure to maintain the balance between antiinflammatory and proinflammatory cytokines, produced by regulatory T cells and inflammatory Th17 cells, respectively (Round and Mazmanian, 2009) . As indicated by the name, Th17 cells exclusively produce proinflammatory cytokines IL-17 and IL-22 and require IL-23 for their maintenance and function; these cytokines have been implicated in the pathogenesis of gut inflammation (Sarra et al., 2010) . Regulatory T cells-derived IL-10 is responsible for limiting tissue damage and inflammation (Rubtsov et al., 2008) . In humans, the inflamed gut mucosa of IBD patients contains high mRNA expression levels of IL-17F (Seiderer et al., 2008) and IL-22 (Brand et al., 2006) . Thus, aberrant antiinflammatory and proinflammatory cytokines expression may be involved in the pathophysiology of NSDD in rabbits. As stated above, in human, the loss-of-function mutation of dectin-1 in β-glucan recognition causes significant defects Th17 response and IL-17 production Plantinga et al., 2009; Rosentul et al., 2011) and provides protection against IBD (de Vries et al., 2009) . Therefore, we hypothesize that genetic variation in dectin-1 affects cytokine expression, and in turn, the cytokines contribute to the pathophysiology of NSDD in rabbits. Indeed, among the 4 studied cytokines, the risk genotype of dectin-1 was significantly associated with increased Th17 cytokine expression. Meanwhile, this nsSNP also affected the Th1 cytokine IFN-γ expression. More recent studies seem to suggest that dectin-1 synergizes with TLR2 and TLR4 signals and promotes Th1 and Th17 responses to activate antifungal host defense (LeibundGut-Landmann et al., 2007; Ferwerda et al., 2008) . Unlike the TLR, the cytoplasmic tail of dectin-1 contains an immunoreceptor tyrosine-based activation motif (ITAM; Ariizumi et al., 2000) , which mediates intracellular signaling. Engagement of dectin-1 by fungal β-glucans leads to phosphorylation of ITAM and subsequent association of the spleen tyrosine kinase and the adaptor caspase recruitment domain 9 to induce DC maturation and the secretion of proinñammatory cytokines, including IL-6 and IL-23 (LeibundGutLandmann et al., 2007) . The IL-6 and IL-23 promotes the Th17 cell production IL-17 and IL-22 (Hundorfean et al., 2012) . The potential biological effects of the nsSNP in dectin-1 in rabbits on β-glucan recognition or the secretion of IL-6 and IL-23 should be investigated further.
In addition, the sacculus rotundus, an enlarged muscular ampulla at the distal end of the ileum, is a unique gut-associated lymphoid tissue in rabbits that plays an important role in intestinal innate immunity and adaptive immunity (Beyaz et al., 2010) . In the present study, our results revealed that only the stalkless dectin-1B isoform is expressed in rabbit sacculus rotundus, and has low proinflammatory cytokines expression in nonrisk genotype even in severe intestinal inflammation stages. Previous studies have demonstrated that the lack of a stalk region in dectin-1 significantly reduces β-glucan binding efficiency and influences cellular response (Heinsbroek et al., 2006) . As stated above, the absence of functional dectin-1 provides protection against IBD (de Vries et al., 2009) , and its expression on enterocytes may serve to prevent intestinal damage (Volman et al., 2010) . Thus, sacculus rotundus expressed less β-glucan binding efficiency of dectin-1 isoform in rabbits, which together with low proinflammatory cytokines production may contribute to prevent intestinal damage.
Conclusions
Our results revealed that the genetic variation of dectin-1 is related with susceptibility to NSDD and increased expression of proinflammatory cytokines. Dectin-1 could be an important candidate gene associated with NSDD in rabbits.
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